Introduction
============

In terms of incidence, gastric cancer is the fourth most common type of malignant tumor, with the second highest mortality rate ([@b1-etm-0-0-2904],[@b2-etm-0-0-2904]), as \~10% of patients with cancer succumb to gastric cancer each year worldwide. Although novel chemotherapeutic drugs have emerged to improve the treatment of gastric cancer, the 5-year survival rate remains low ([@b3-etm-0-0-2904]). Isobavachalcone (IBC; [Fig. 1](#f1-etm-0-0-2904){ref-type="fig"}) is an active ingredient isolated from *Psoralea corylifolia*. This Chinese herbal medicine belongs to the natural chalcones and as such has anti-inflammatory and anti-fungal effects. Previous studies have demonstrated that IBC is capable of inducing apoptosis in cancerous ovarian, breast, lung, and other tumor cells, whereas it is non-toxic to normal cells, including L-02 and human umbilical vascular endothelial cells (HUVECs) ([@b4-etm-0-0-2904],[@b5-etm-0-0-2904]). It has been suggested that IBC may be used clinically as an efficient anti-tumor drug with low toxicity ([@b4-etm-0-0-2904]); however, the exact molecular mechanism has yet to be elucidated.

The main characteristic of malignant tumors is that tumor cells can undergo unrestricted proliferation and apoptosis. The B-cell lymphoma (Bcl)-2 gene family is an important group of apoptosis-associated genes, which can encode anti-apoptotic proteins (Bcl-2) and pro-apoptotic proteins \[Bcl-2-associated X protein (Bax)\]. The expression of Bcl-2 protein is generally low in normal cells, but abnormally high in tumor cells.

In order to expound the molecular mechanism of IBC-induced apoptosis in gastric cancer cells and to explore potential biological targets, various concentrations of IBC were used to treat MGC803 cells in the present study. The effects on apoptosis, migration and invasion, and the alterations in the expression levels of apoptosis-related proteins in the Akt and extracellular signal-regulated kinase (Erk) pathways were investigated.

Materials and methods
=====================

### Cell culture and treatment

MGC803 human gastric cancer cells were purchased from American Type Culture Collection (Manassas, VA, USA) and cultured in RPMI 1640 (Gibco; Thermo Fisher Scientific Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific Inc.) and 100 U/ml penicillin/streptomycin (Nanjing KeyGen Biotech Co. Ltd., Nanjing, China). Cells were maintained in the exponential phase of growth at 37°C in a humidified atmosphere containing 5% CO~2~. All experiments were performed using cells in the log phase. IBC (2′,4′,4-trihydroxy-3′-\[3′-methylbut-3′-ethyl\]chalcone) was a generous gift from the Dalian Institute Of Chemical Physics, also known as the Chinese Academy Of Sciences (Dalian, China). IBC was dissolved in dimethyl sulfoxide (DMSO) to generate a 100 mM stock solution, and was diluted to a final concentration of 0.1% in culture media.

### Cell proliferation analysis

Cell viability was determined using a methylthiazolyltetrazolium (MTT) assay (Sigma-Aldrich, St. Louis, MI, USA). A total of 6×10^3^ MGC803 cells/well were seeded into 96-well cell culture plates with complete growth medium and maintained for 24 h. The treatment groups were treated with 10--60 µM IBC, and the control groups were incubated with RPMI 1640 culture media, and were cultured for 24 or 48 h at 37°C. The control groups included a blank control, treated with corresponding cell culture medium, and a negative control, treated with DMSO. Cells were incubated with 20 µl MTT solution (5 mg/ml) for 4 h at 37°C in an atmosphere containing 5% CO~2~. The formazan crystals were subsequently dissolved in 200 µl DMSO. The optical density (OD) was detected by measuring absorbance at 490 nm using a microplate reader (xMark; Bio-Rad Laboratories Inc., Hercules, CA, USA). Survival rate was determined using the following calculation: Survival rate = (experimental group OD value - negative control group OD value)/(blank control group OD value - negative control group OD value) × 100%. The half-maximal inhibitory concentration (IC~50~) values of IBC were calculated using SPSS version 16.0 for Windows (SPSS, Inc., Chicago, IL, USA). All experiments were repeated in triplicate, the mean values were calculated and the cell proliferation curves were generated.

### Cell morphological analysis

A total of 5×10^5^ MGC803 cells/well were seeded in 6-well plates and incubated overnight at 37°C. Following a 48 h reaction with 40 µM IBC, cells from the negative control and treatment groups were collected and centrifuged at 300 × g for 5 min. Cell smears were subsequently prepared and stained with Wright-Giemsa solution (Sigma-Aldrich) for 10 min, washed with running water and dried. Cell morphological changes were observed and images were captured using a CKX31 light microscope (Olympus Corp., Tokyo, Japan).

### Cell apoptosis analysis

A total of 5×10^5^ MGC803 cells/well were cultured in 6-well plates overnight and treated with various concentrations (0, 20 and 40 µM) of IBC for 48 h. Following treatment, the cells were washed twice with phosphate-buffered saline (PBS) and resuspended in 200 µl binding buffer. Subsequently, the cell suspension was stained with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (Nanjing KeyGen Biotech Co., Ltd.) according to the manufacturer\'s protocol, prior to incubation for 10 min at 37°C in the dark. A FACSVerse flow cytometer (BD Biosciences, San Jose, CA, USA) was used to analyze the population of Annexin V-FITC positive cells.

### Wound healing analysis

A total of 8×10^5^ MGC803 cells/well were seeded in 6-well plates and cultured in complete medium at 37°C. Upon confluent monolayers, the cells were scratched with a sterile 20 µl pipette tip to create a denuded zone through the central axis of the plate. Subsequently, the cells were incubated with serum-free medium supplemented with various concentrations (0, 20 and 40 µM) of IBC at 37°C. The distances of wound healing were observed and images were captured (CKX31 microscope) at 0 and 48 h following treatment. Cell relative motility was calculated using the following formula: Cell relative motility = (average area of original wound - average area of 48 h wound)/average area of original wound × 100%.

### Cell invasion analysis

Cell invasion analysis was conducted using 24-well Transwell® chambers \[unit pore size, 8 µm with polyvinylidene fluoride (PVDF)\] and Matrigel™ (BD Biosciences). A total of 60 µl Matrigel™ diluted 1:5 in serum-free medium was added to each well 4 h prior to cell seeding onto the upper chamber. MGC803 cells were cultured in serum-free medium with various concentrations (0, 20 and 40 µM) of IBC in the upper chamber; whereas the lower chamber was filled with medium containing 10% FBS. Following 48 h, the cells that had migrated through the PVDF membrane and Matrigel™ to the lower surface were fixed with 4% formaldehyde and stained with 0.5% crystal violet. Cells were visually counted in five random fields using an IX51 inverted microscope (Olympus Corp.).

### Western blot analysis

A total of 1×10^6^ MGC803 cells/well were cultured in 6-well plates overnight and treated with 0--40 µM IBC for 48 h. Following this, the cells were lysed using lysis buffer \[50 mM Tris; 150 mM NaCl; 1% Triton X-100; 1% deoxycholate; 0.1% sodium dodecyl sulfate (SDS); and 2 mM PMSF; pH 7.4\] and total cellular proteins were prepared. Protein concentrations were determined using a bicinchoninic acid protein assay (Nanjing KeyGen Biotech Co., Ltd.), using bovine serum albumin as a standard. Equal amounts of protein (20 µg) were separated by 12% SDS-polyacrylamide gel electrophoresis and transferred to PVDF membranes (GE Healthcare, Amersham, UK). Following 1-h incubation at 37°C in a blocking buffer of PBS with Tween-20 (10 mM Tris-HCl, 150 mM NaCl and 0.1% Tween-20). and 5% nonfat dry milk, the membranes were incubated with the following primary antibodies: Akt (1:200; cat. no. sc-8312); phosphorylated (p)-Akt (1:200; cat. no. sc-135650); Erk (1:200; cat. no. sc-94); p-Erk (1:200; cat. no. sc-16982); Bcl-2 (1:300; cat. no. sc-492); Bax (1:300; cat. no. sc-493); caspase-3 (1:200; cat. no. sc-7184; used for active caspase-3 and pro-caspase-3); and β-actin (1:1,000; cat. no. sc-1616; all from Santa Cruz Biotechnology, Inc., Dallas, TX, USA), overnight at 4°C. The membranes were then treated with horseradish peroxidase-conjugated secondary antibody (1:800; cat. nos. sc-2954 and sc-2955; Santa Cruz Biotechnology, Inc.) for 2 h. The blots were incubated with a chemiluminescence substrate (Santa Cruz Biotechnology, Inc.) and the data were corrected for loading using the values for β-actin. Immunoreactive bands were quantified using ImageJ2X software (National Institutes of Health, Bethesda, MD, USA).

### Statistical analysis

Three independent experiments were performed, and statistical analyses were performed using SPSS version 16.0 software. Quantitative variables were analyzed by one-way analysis of variance and expressed as the mean ± standard deviation. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### IBC inhibits the proliferation of MGC803 cells

MGC803 cells were cultured in 0--60 µM IBC for 24 and 48 h. The results of the MTT assay demonstrated that IBC inhibited the proliferation of MGC803 cells in a concentration- and time-dependent manner ([Fig. 2](#f2-etm-0-0-2904){ref-type="fig"}). The IC~50~ values at 24 and 48 h were 49.68±4.26 and 39.96±3.78 µM, respectively.

### IBC induces apoptosis in MGC803 cells

MGC803 cells were cultured in 40 µM IBC for 48 h and the typical morphological features of apoptosis were detected using light microscopy, including apoptotic bodies ([Fig. 3](#f3-etm-0-0-2904){ref-type="fig"}). Flow cytometric analysis was undertaken to verify the effect of IBC on the apoptosis of MGC803 cells. Intact cells were used as a control group. Following 48 h, 2.08±0.46% of the counted cells in the control group had become pro-apoptotic ([Fig. 4](#f4-etm-0-0-2904){ref-type="fig"}). Following 48 h of treatment with 20 and 40 µM IBC, the percentage of pro-apoptotic cells was 17.9±2.65 and 34.1±3.40%, respectively, significantly greater than that of the control groups (n=3, P\<0.05). These results indicate that IBC treatment may induce apoptosis in MGC803 cells in a concentration-dependent manner.

### IBC decreases migration and invasion of MGC803 cells

In order to clarify the important role of IBC in the migration and invasion of MGC803 cells, wound healing and Matrigel™ Transwell® invasion assays were performed. IBC administration decreased cell migration and invasion in a concentration-dependent manner ([Fig. 5](#f5-etm-0-0-2904){ref-type="fig"}).

### IBC regulates the expression levels of proteins in MGC803 cells

MGC803 cells were treated with 0, 20 or 40 µM IBC for 48 h and subjected to western blot analysis. IBC decreased Bcl-2, p-Akt and p-Erk expression levels, whereas Bax and active caspase-3 protein expression levels were increased in a concentration-dependent manner ([Figs. 6](#f6-etm-0-0-2904){ref-type="fig"} and [7](#f7-etm-0-0-2904){ref-type="fig"}). As compared with the control, the Bax/Bcl-2 ratio was 2.17 and 3.96, respectively (P\<0.05). This result was to be expected as Bcl-2 is an anti-apoptotic protein, whereas Bax is an apoptosis-promoting protein. Furthermore, following prolonged treatment with IBC, the expression levels of active caspase-3 increased ([Fig. 7](#f7-etm-0-0-2904){ref-type="fig"}).

Discussion
==========

IBC was first isolated from *Psoralea corylifolia* in 1968 by Bhalla *et al* ([@b6-etm-0-0-2904]). IBC is a chalcone, which possesses various features, including anti-inflammatory, anti-fungal and anti-reverse transcriptase activity ([@b5-etm-0-0-2904]). Previous studies have demonstrated that IBC also has good anti-tumor activity ([@b7-etm-0-0-2904]--[@b9-etm-0-0-2904]). Furthermore, a previous study demonstrated that IBC is capable of inducing apoptosis in human neuroblastoma cells, whereas no significant cytotoxicity was detected in normal rat cerebellar granule cells following treatment with the same dose of IBC ([@b10-etm-0-0-2904]). By observing various solid tumor cells and normal cell lines, including liver cells, L-02 cells and HUVECs, Jing *et al* ([@b4-etm-0-0-2904]) demonstrated that IBC had an obvious destructive effect on tumor cells, and notably, no toxic side effects were demonstrated in normal cells. These results indicated that IBC administration may be a highly efficient treatment for cancer patients with low toxicity.

The present study observed the effects of IBC on the proliferation of MGC803 gastric carcinoma cells, and the results demonstrated that IBC inhibited the proliferation of MGC803 cells in a concentration- and time-dependent manner. To verify whether the reduction in cell proliferation was associated with apoptosis, Wright-Giemsa staining was conducted to observe the morphology. MGC803 cells were cultured in 20 µM IBC for 48 h. Light microscopy detected the typical morphological features of apoptosis, including cytoplasmic condensation, pyknosis and the presence of apoptotic bodies. In order to validate the role of IBC in the promotion of apoptosis in gastric cancer cells, flow cytometric analysis was conducted in the present study. Flow cytometric analysis of early apoptosis demonstrated that the apoptotic rate of MGC803 cells was gradually increased with increasing IBC concentration. These results demonstrated that IBC may promote the apoptosis of MGC803 cells.

Invasion and metastasis are the most lethal features of cancer, accounting for \>90% of cancer-associated mortality ([@b11-etm-0-0-2904]). Distant organ or tissue metastasis is a marker of poor prognosis in patients with gastric cancer. The results of the present study demonstrated that various concentrations of IBC were capable of inhibiting the migratory and invasive ability of MGC803 cells, in a dose-dependent manner. However, the present study was inadequate in that only the phenomenon of IBC-induced inhibition of gastric cancer cell migration and invasion was observed, without further exploration of the specific molecular mechanisms; therefore, these investigations are required in future studies.

Apoptosis is a defensive mechanism of the body that eliminates malignant cells, and has a crucial role in the prevention of cancer. Notably, the predominant function of numerous antitumor drugs is the induction of apoptosis in tumor cells, via the regulation of various apoptosis-related signaling pathways ([@b12-etm-0-0-2904]--[@b15-etm-0-0-2904]).

The Bcl-2 family includes anti-apoptotic proteins, such as Bcl-2, and proapoptotic proteins, such as Bax and Bcl-2-associated death promoter ([@b16-etm-0-0-2904]). The Bcl-2 protein family has an important regulatory role in the release of cytochrome *c* from mitochondria, which activates endogenous apoptosis pathways. Bax was the first protein to be identified that interacts with Bcl-2, and is capable of inhibiting the apoptosis-resisting ability of Bcl-2 ([@b17-etm-0-0-2904],[@b18-etm-0-0-2904]). The present study demonstrated that IBC decreased the protein expression levels of Bcl-2 and increased the protein expression levels of Bax to induce the apoptosis of gastric cancer cells.

The Akt signaling pathways have an important role in the survival of mammalian cells and resistance to apoptosis ([@b19-etm-0-0-2904]). As multicellular organisms, mammals maintain stable development through mutual checks and balances of proliferation and apoptosis, and if this balance is broken, it may lead to cancer. Previous studies have demonstrated that excessive activation of Akt affects the activity of each of the downstream effectors, thereby leading to resistance to apoptosis, and promoting the proliferation of tumor cells ([@b20-etm-0-0-2904],[@b21-etm-0-0-2904]). Various cellular stimulations are capable of activating Erk1/2, also known as p44/p42 mitogen activated protein kinase (MAPK); some may lead to the activation of transcription factors and others may activate cell proliferation, differentiation, cell cycle regulation and cell survival-associated serine/threonine protein kinase ([@b15-etm-0-0-2904]). Previous large phase I/II clinical trials have demonstrated that MAPK/Erk inhibitors are capable of prolonging the survival of patients with various types of cancer ([@b22-etm-0-0-2904],[@b23-etm-0-0-2904]). The results of the present study demonstrated that various concentrations of IBC successfully reduced the protein expression levels of p-Akt and p-Erk in MGC803 cells. Jing *et al* ([@b4-etm-0-0-2904]) demonstrated that IBC may induce apoptosis in various tumor cells by inhibiting the activity of Akt signaling pathways, which was consistent with the results of the present study. Therefore, IBC may induce apoptosis in MGC803 cells via the Akt and Erk signaling pathways.

In conclusion, the results of the present study demonstrated that IBC was capable of inhibiting the proliferation of gastric cancer cells and the induction of apoptosis in a concentration- and time-dependent manner. Furthermore, IBC may inhibit the migratory and invasive ability of MGC803 cells. In terms of the underlying mechanisms, the results of the present study demonstrated that IBC induced apoptosis in gastric cancer cells by regulating apoptosis-related proteins and inhibiting Akt and Erk signaling pathways.
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![Isobavachalcone.](etm-11-02-0403-g00){#f1-etm-0-0-2904}

![Isobavachalcone (IBC) inhibited the proliferation of MGC803 gastric cancer cells. Cells were treated with 10, 20, 30, 40, 50 or 60 µM IBC for 24 and 48 h. MGC803 cell growth was measured using a methylthiazolyltetrazolium assay. Quantitative variables are expressed as the mean ± standard deviation of three independent experiments. \*P \<0.05 vs. control.](etm-11-02-0403-g01){#f2-etm-0-0-2904}

![Isobavachalcone-induced cell apoptosis in MGC803 gastric cancer cells, as detected by light microscopy (magnification, ×400). MGC803 cells were treated with (A) vehicle or (B) 20 µM IBC for 48 h.](etm-11-02-0403-g02){#f3-etm-0-0-2904}

![Flow cytometric analysis demonstrated the pro-apoptotic effects of isobavachalcone (IBC) on MGC803 gastric cancer cells. Cells were treated with 0, 20 or 40 µM IBC for 48 h. Data were derived from three independent experiments and are expressed as the mean ± standard deviation. \*P\<0.05 vs. the control. FITC, fluorescein isothiocyanate.](etm-11-02-0403-g03){#f4-etm-0-0-2904}

![Isobavachalcone (IBC) decreased the migration and invasion of MGC803 gastric cancer cells. (A) Wound healing analysis demonstrated that IBC decreased migration, as detected under an optical microscope at 48 h (magnification, ×200). (B) Transwell® assay demonstrated that IBC decreased invasion, as detected under an optical microscope at 48 h (magnification, ×200). Data were derived from three independent experiments and expressed as the mean ± standard deviation. \*P\<0.05 vs. the control.](etm-11-02-0403-g04){#f5-etm-0-0-2904}

![Isobavachalcone (IBC) regulates the expression of Akt, Erk and related proteins in MGC803 gastric cancer cells. Cells were treated with 0, 20 or 40 µM IBC for 48 h. Data were derived from three independent experiments and are expressed as the mean ± standard deviation. \*P\<0.05 vs. the control. Erk, extracellular signal-regulated kinase; p, phosphorylated.](etm-11-02-0403-g05){#f6-etm-0-0-2904}

![Isobavachalcone (IBC) regulates the expression of apoptosis-related proteins in MGC803 gastric cancer cells. Cells were treated with 0, 20 or 40 µM IBC for 48 h. Data were derived from three independent experiments and are expressed as the mean ± standard deviation. \*P\<0.05 vs. the control. Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein.](etm-11-02-0403-g06){#f7-etm-0-0-2904}
